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(57) ABSTRACT 
Apparatus, process and a volume strip array can be pro 
vided, e.g., for use in connection With magnetic resonance 
imaging (“MRI”). The apparatus includes an arrangement 
adapted to transmit a signal to generate a magnetic ?eld in 
a particular mode, and to receive a signal in response to the 
generated ?eld in another mode. In particular, a plurality of 
parallel conductor strips are provided in a cylindrical con 
?guration. The conductor strips are each adapted to receive 
current to generate a magnetic ?eld. In addition, a cylindri 
cal conductive shield can be provided Which can include or 
alloW the placement of the conductive strip. A plurality of 
ports may also be used, each of the ports interconnecting the 
conductive shield and at least one of the conductor strips. A 
control system may also be provided to tailor the properties 
of the conductive strips for particular applications. 
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MAGNETIC RESONANCE IMAGING METHOD 
AND SYSTEM 

CROSS-REFERENCE TO RELATED 
APPLICATION 

[0001] This application claims priority from US. Patent 
Application Ser. No. 60/658,139, ?led Mar. 2, 2005, the 
entire disclosure of Which is incorporated herein by refer 
ence. 

FIELD OF INVENTION 

[0002] The present invention relates generally to magnetic 
resonance imaging (“MRI”). More particularly, the present 
invention relates to mode mixing procedures and applica 
tions for MRI using a transmit/receive volume strip array, 
Which may be con?gured to operate in various modes. 

BACKGROUND INFORMATION 

[0003] MRI volume coils and MRI phased arrays may be 
considered as tWo different types of coils. See, e.g., Lee R 
F, Hardy C J, Sodickson D K, and Bottomley P A. “A 
Lumped-Element Planar Strip Array (LPSA) for Parallel 
MRI,”Magnetic Resonance in Medicine 2004; 51:172-183. 
The volume coils can be made of a group of conductor 
elements that are tightly coupled together. The elements may 
be coupled either by mutual inductance and end-rings in a 
“birdcage” layout, or by mutual inductance and shielding in 
a transverse electromagnetic (“TEM”) resonator. See, e.g., 
Hayes C E, Edelstein W A, Schenck J F, Mueller 0 M, and 
Eash M., “An Ef?cient, Highly Homogeneous Radiofre 
quency Coil for Whole-Body NMR Imaging at 1.5T,”Jour 
nal ofMagnetic Resonance 1985; 63:622-628; Vaughan J T, 
Hetherington H P, Otu J 0, Pan J W, and Pohost G M, “High 
Frequency Volume Coils for Clinical NMR Imaging and 
Spectroscopy,”Magnetic Resonance in Medicine 1994; 
32:206-218; Tropp 1., “The Theory of the Bird-Cage Reso 
nator,”Journal ofMagnetic Resonance 1989; 82:51-62; Foo 
T K F, Hayes C E, and Kang Y-W, “An analytical Model for 
the Design of RF Resonators for MR Body Imaging,”Mag 
netic Resonance in Medicine 1991; 21:165-177. Volume 
coils can be used to generate a homogeneous magnetic ?eld 
pattern in a loW ?eld, Where the resonance Wavelength may 
be much larger then an imaged object. 

[0004] Phased arrays can include a group of loop or strip 
conductor elements that may be mutually decoupled from 
each other. The elements may be decoupled either by 
complex conjugate cancellation of impedance, by a mini 
mum current that can be caused by high impedance at the 
ports of a coil, or by providing a certain distance betWeen 
adjacent elements. See, e.g., Roemer P B, Edelstein W A, 
Hayes C E, SouZa S P, and Mueller 0 M, “The NMR Phased 
Array,”Magnetic Resonance in Medicine 1990, 192-225; 
Wang 1., “A novel method to reduce the signal coupling of 
surface coils for MRI,”Proceedings of the ISMRM 4th 
Annual Meeting, NeW York, 1996, p. 1434; Lee R F, 
Giaquinto R, and Hardy C J, “Coupling and Decoupling 
Theory and Its Applications to the MRI Phased-Array, 
”Magnetic Resonance in Medicine 2002; 48:203213. Such 
coils can be capable of achieving both a high signal-to-noise 
ratio (“SNR”) and a large ?eld of vieW (“FOV”). 

[0005] Volume coils may be characterized as coupled 
structures, and phased arrays may be characterized as 
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decoupled structures. A decoupled structure may be 
described as a totally degenerated coupled structure. 
Coupled volume coils and decoupled phased arrays each 
may include a set of tuned resonators having a certain degree 
of degeneracy. The volume coil structures, although they 
may be tightly coupled, can exhibit some degree of degen 
eracy. AZimuth symmetry in volume coils may lead to a 
certain degree of degeneracy, such that the number of 
resonance frequencies can be about half of the number of the 
elements of volume coils. The phased array structure may 
not be completely degenerate, although total degeneracy 
may be approached because of, in part, a high impedance at 
the receiver port that may be caused by a preampli?er. This 
lack of degeneracy may not be present in some phased array 
structures having a loW input impedance preampli?er. The 
degree of degeneracy can be used as a measure of coupling 
or decoupling of a coil structure. Therefore, a volume coil 
may not provide a completely coupled structure, and a 
phased array may not provide a completely decoupled 
structure. Environmental factors located outside of the coils, 
such as impedance of receiver ports and loading, can also 
affect the coupling/decoupling of coils. 

[0006] In the absence of degeneracy, -coupled n-element 
resonators may have a maximum of n resonance frequencies, 
Which can be referred to as n basic modes. When In (1 <m<n) 
resonance frequencies are merged into one resonance fre 
quency in an n-element coupled structure, such a structure 
may be referred to as having m-degree degeneracy, and the 
frequency merger can be referred to as mixing modes. 
Birdcage coils and transverse electromagnetic resonators 
can be referred to as having a tWo-degree degenerate struc 
ture, and decoupled n-element phased arrays can be 
described as having an n-degree, or totally degenerate, 
structure. 

[0007] Systems and methods that include or utiliZe mixing 
modes, such as degenerate ?rst and second circular modes of 
a birdcage coil, may employ tWo independent coils. The 
imaging behavior of such systems has been observed to be 
insu?iciently detailed. See, e.g., Wong E C and Luh W-M, 
“A Multimode, Single Frequency Birdcage Coil for High 
Sensitivity Multichannel Whole Volume Imaging,”lnterna 
tional Society for Magnetic Resonance in Medicine 7th 
Scientific Meeting, Philadelphia, Pa., USA, 1999, p. 165; Lin 
F-H, KWong K K, Belliveau J W, and Wald L L, “Sensitivity 
Encoded Imaging From Multiple Mode Birdcage Volume 
Coil,”lnternational Society ofMagnetic Resonance in Medi 
cine 10th Scientific Meeting, HaWaii, USA, 2002, p. 853. 

[0008] The use of tWo completely degenerate modes in 
birdcage resonators Was experimentally achieved in some 
birdcage coils having a small number of elements, and has 
been observed to provide improved imaging results. See, 
e.g., Tropp J, “The Hybrid Birdcage Resonator,”Society of 
Magnetic Resonance in Medicine 11th Scientific Meeting, 
1992, p. 4009; Leussler C, Stimma J, and Roschmann P., 
“The Bandpass Birdcage Resonator Modi?ed as a Coil 
Array for Simultaneous MR Acquisition,” International 
Society of Magnetic Resonance in Medicine 5th Scienti?c 
Meeting, Vancouver, BC, Canada, 1997; Eagan T, Cheng Y 
C, Kidane T, Shvartsman S, and BroWn R, “RF Eigenmodes: 
Circulant Theory and Matrix Applications,”International 
Society ofMagnetic Resonance in Medicine 10th Scientific 
Meeting, HaWaii, USA, 2002, p. 164. 
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[0009] MRI coils, including volume coils and phased 
arrays such as those described above, may suffer from 
certain performance de?ciencies. Such de?ciencies may 
include a loW signal-to-noise ratio, inef?cient poWer con 
sumption, and poor imaging behavior in parallel modes. 

OBJECTS AND SUMMARY OF EXEMPLARY 
EMBODIMENTS OF INVENTION 

[0010] Certain exemplary embodiments of the present 
invention provide methods and systems for achieving 
improved MRI results. An apparatus or arrangement may be 
provided to transmit a signal and generate a magnetic ?eld 
in a particular mode, and to receive a signal in response to 
the generated ?eld in a second mode. 

[0011] In a further exemplary embodiment of the present 
invention, the second receive mode may be the same as, or 
substantially similar to, the transmit mode. 

[0012] According to exemplary embodiments of the 
present invention, an apparatus may be provided that 
includes a coil arrangement having a plurality of coils, and 
a con?gurable control arrangement that alloWs a re?ection 
factor at one end of the coils to be adjusted, Which can alloW 
the apparatus to receive different modes. In certain exem 
plary embodiments, the re?ection factor may be adjusted at 
both ends of the coils. 

[0013] In a further exemplary embodiment of the present 
invention, the apparatus can be con?gured so that the 
received signal may be coupled or decoupled. In further 
exemplary embodiments of the present invention, the con 
trol arrangement may be capable of adjusting a phase and/or 
an amplitude of the transmitted signal. 

[0014] In still further exemplary embodiments of the 
present invention, the coil arrangement may include linear 
conductors, Which may be arranged parallel to each other. 
The linear conductors may be arranged on a cylindrical 
surface or base. The apparatus may further include a cylin 
drical conductive shield that may surround part or all of the 
linear conductors, and Which can provide a resonant struc 
ture. The resonant structure may be tuned to a particular 
resonant frequency. The apparatus may be con?gured as a 
transmit/receive volume strip array, Which can include a 
multiple-port circularly symmetric coil structure. 

[0015] These and other objects, features and advantages of 
the present invention Will become apparent upon reading the 
folloWing detailed description of embodiments of the inven 
tion, When taken in conjunction With the appended claims. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0016] Further objects, features and advantages of the 
invention Will become apparent from the folloWing detailed 
description taken in conjunction With the accompanying 
?gures shoWing illustrative embodiments of the invention, 
in Which: 

[0017] FIG. 1(a) is an exemplary photograph ofa l6-el 
ement VSA structure according to an exemplary embodi 
ment of the present invention; 

[0018] FIG. 1(b) is a circuit diagram of an exemplary 
element of the VSA structure of FIG. 1(a); 

[0019] FIG. 2(a) is an exemplary graph of real and 
imaginary components of a VSA port voltage distribution 
for a 0th basic mode; 
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[0020] FIG. 2(b) is an exemplary graph of a forced mode 
distribution corresponding to the port voltage distribution of 
FIG. 2(a); 

[0021] FIG. 2(c) is an exemplary magnetic ?eld B1 map 
corresponding to the port voltage distribution of FIG. 2(a); 

[0022] FIG. 2(d) is an exemplary graph of real and 
imaginary components of the VSA port voltage distribution 
for a ?rst circular mode; 

[0023] FIG. 2(e) is an exemplary graph of a forced mode 
distribution corresponding to the port voltage distribution of 
FIG. 2(d); 

[0024] FIG. 20’) is an exemplary magnetic ?eld B1 map 
corresponding to the port voltage distribution of FIG. 2(d); 

[0025] FIG. 2(g) is an exemplary graph of real and 
imaginary components of the VSA port voltage distribution 
for a degenerate of ?rst and second circular modes; 

[0026] FIG. 2(h) is an exemplary graph of a forced mode 
distribution corresponding to the port voltage distribution of 
FIG. 2(g); 

[0027] FIG. 2(1') is an exemplary magnetic ?eld B1 map 
corresponding to the port voltage distribution of FIG. 2(g); 

[0028] FIG. 3(a) is an exemplary graph of the ?rst roW of 
an impedance matrix Z+ZP for an over-decoupled mode With 
F=4; 

[0029] FIG. 3(b) is an exemplary graph of the extended 
intrinsic mode distribution corresponding to the over-de 
coupled mode of FIG. 3(a); 

[0030] FIG. 3(c) is an exemplary magnetic ?eld B1 map 
corresponding to the over-decoupled mode of FIG. 3(a); 

[0031] FIG. 3(d) is an exemplary graph of the ?rst roW of 
the impedance matrix Z+ZP for a decoupled mode With F=l; 

[0032] FIG. 3(e) is an exemplary graph of the extended 
intrinsic mode distribution corresponding to the decoupled 
mode of FIG. 3(d); 

[0033] FIG. 30’) is an exemplary magnetic ?eld B1 map 
corresponding to the decoupled mode of FIG. 3(d); 

[0034] FIG. 3(g) is an exemplary graph of the ?rst roW of 
the impedance matrix Z+ZP for an under-decoupled mode 
With F=0.5; 

[0035] FIG. 3(h) is an exemplary graph of the extended 
intrinsic mode distribution corresponding to under-de 
coupled mode of FIG. 3(g); 

[0036] FIG. 3(1') is an exemplary magnetic ?eld B1 map 
corresponding to the under-decoupled mode of FIG. 3(g); 

[0037] FIG. 3(]') is an exemplary graph of the ?rst roW of 
the impedance matrix Z+ZP for a reverse-decoupled mode 
With I“=—3; 

[0038] FIG. 3(k) is an exemplary graph of the extended 
intrinsic mode distribution corresponding to the reverse 
decoupled mode of FIG. 3(j); 

[0039] FIG. 3(l) is an exemplary magnetic ?eld B 1 map 
corresponding to the reverse-decoupled mode of FIG. 3(j); 
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[0040] FIG. 4(a) is a photograph of an exemplary 16-el 
ement volume strip array (VSA) With 16 connecting cables 
and 16 baluns according to certain exemplary embodiments 
of the present invention; 

[0041] FIG. 4(b) is a photograph of the exemplary 16 
channel transmit/receive RF front-end according to certain 
exemplary embodiments of the present invention, Which 
includes 16 TR sWitches, a 1-to-16 poWer splitter, a 16-Way 
phase shifter, and 17 bias-Ts; 

[0042] FIG. 5(a) is plot of exemplary measurements of 
the impedance amplitude, impedance phase, S11 amplitude, 
and S11 phase for one port of an unloaded VSA measured by 
the netWork analyZer; 

[0043] FIG. 5(b) is plot of exemplary measurements of 
impedance amplitude, impedance phase, S11 amplitude, and 
S11 phase for one port of a loaded VSA measured by a 
network analyZer; 

[0044] FIG. 6(a) is an exemplary plot of the real part of 
Zr(p) in port-space for a 16-element VSA 

[0045] FIG. 6(b) is an exemplary plot of the imaginary 
part of Zr(p) in port-space for a 16-element VSA; 

[0046] FIG. 6(c) is an exemplary plot of the real part of 
the IMD diag {1p+Zg} in mode-space for a 16-element VSA; 

[0047] FIG. 6(d) is an exemplary plot of the imaginary 
part of the IMD diag {1p+Zg} in mode-space for a 16-ele 
ment VSA; 

[0048] FIG. 7(a) is a further exemplary plot of the real 
part of Zr(p) in port-space for a 16-element VSA; 

[0049] FIG. 7(b) is a further exemplary plot of the imagi 
nary part of Zr(p) in port-space for a 16-element VSA; 

[0050] FIG. 7(c) is a further exemplary plot of the real 
part of the IMD diag {1p+Zg} in mode-space for a 16-ele 
ment VSA; 

[0051] FIG. 7(d) is a further exemplary plot of the imagi 
nary part of the IMD diag {1p+Zg} in mode-space for a 
16-element VSA; 

[0052] FIG. 8 is an exemplary plot of a noise correlation 
for a 16-element VSA; 

[0053] FIG. 9(a) shoWs an exemplary image obtained 
from a commercial birdcage coil; 

[0054] FIG. 9(b) shoWs an exemplary image obtained 
from the 16-element VSA that is tuned to its ?rst circular 
mode and con?gured to transmit/receive With only the 0th 
and 4th ports; 

[0055] FIG. 10 is an exemplary set of images that indicate 
the existence of a reverse-decoupled mode obtained using 
MRI With the 16 element transmit/receive VSA, Where the 
exemplary images are obtained simultaneously from 16 
conductive strips; 

[0056] FIG. 11(a) is an exemplary set of sensitivity maps 
obtained from all channels of the 16-element VSA operating 
in a reverse-decoupling mode that may be used for parallel 
imaging; 
[0057] FIG. 11(b) shoWs an exemplary image produced 
Without under-sampling in a phased encoding direction 
corresponding to the sensitivity maps shoWn in FIG. 11(a); 
and 
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[0058] FIG. 11(c) shoWs an exemplary image produced 
With under-sampling along tWo dimensions and a reduction 
factor of 16 (4x4), corresponding to the sensitivity maps 
shoWn in FIG. 11(a). 

[0059] FIG. 12 is a How diagram of an exemplary embodi 
ment of a method according to the present invention. 

[0060] Throughout the ?gures, the same reference numer 
als and characters, unless otherWise stated, are used to 
denote like features, elements, components or portions of the 
illustrated embodiments. Moreover, While the present inven 
tion Will noW be described in detail With reference to the 
?gures, it is done so in connection With the illustrative 
embodiments. 

DETAILED DESCRIPTION OF EXEMPLARY 
EMBODIMENTS OF INVENTION 

[0061] According to an exemplary embodiment of the 
present invention, a mode mixing theory can be developed 
to characterize the relation betWeen a mode distribution, a 
mutual coupling, and an external port impedance in a 
circular symmetric volume strip array. The impedance 
matrix of a circular symmetric VSA may be a circulant 
matrix. Because a circulant matrix can be diagonaliZed by a 
Digital Fourier Transform (“DFT”) matrix, mode distribu 
tions may be expressed as a Fourier transform of mutual 
coupling. Thus, an exemplary provision of a speci?c mixed 
mode can be similar or equivalent to manipulating the 
mutual coupling of a VSA. One type of mixed mode, a 
reverse-decoupled mode (RDM), can be vieWed as a differ 
ence betWeen a homogeneous mode and a decoupled mode. 
This mode may provide improved performance for parallel 
imaging. 

[0062] A typical n-element VSA may include 11 conductor 
strips inside of a cylindrical conductive shield. FIG. 1A is 
a photograph of an exemplary 16-element VSA structure 10. 
FIG. 1(b) is an exemplary schematic circuit diagram of a 
single element 15 of the VSA 10. In one exemplary embodi 
ment of the present invention, each element may be tuned to 
a common frequency and matched to a common impedance, 
While the rest of elements are disabled, by employing 
shunted and series capacitors C1, C2, and C3 as shoWn in 
FIG. 1(b). When all elements are enabled simultaneously, 
either coupled or decoupled, the desired mode frequency 
may be at the MR frequency. The port impedances in certain 
exemplary embodiments of the present invention may all be, 
e.g., at 509. 

[0063] For an n-element VSA structure, the voltages and 
currents on 11 ports may be provided as vector V(p) and I(p), 
respectively, Where p=0, 1, . . . , n-1 can be de?ned as a port 

index. The voltages and currents for n modes may be Written 
as vectors Vm(k) and Im(k), respectively, Where k=0, 1, . . . 
, n-1 can be de?ned as a mode index. Because VSA is a 

cyclic symmetric structure, its impedance matrix can be an 
n><n circulant matrix Z. Circulant matrices such as Z can be 
diagonaliZed to 11) by using a DFT matrix F, 

Where 
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-continued 
Z00 Z01 201ml) 
Z10 Z11 Z10H) 

Z = 

zmino Zmmi zmenmen 

1 1 1 

1 W1 WW1) 
F = 

1 wmil) _ W(n*l)(n*l) 

and 

W0 0 0 

O 0 
q} _ W1 

0 O ' wnil 

and Where F* is the adjoint matrix of F, and W=e_j2“/n. See, 
e.g., Lee R F, Boskamp E B, Giaquinto R, Ohliger M, and 
Sodickson D K, “A l6-Channel Transmit/Receive Volume 
Lattice Array (V LA) for High Acceleration in Parallel 
lmaging,”Pr0c. 11th Inll. Soc. Magn. Reson. Med., Toronto, 
Canada, 2003, p. 467. 

[0064] Using the above exemplary de?nitions, the nodal 
equation for a VSA in both port-space and mode-space may 
be expressed as 

These expressions can be consistent With the following 
relationships betWeen port-space and mode space: Vm(k)= 
FV(p) and lm(k)=Fl(p). See, e.g., Paul C R, Analysis of 
Mulliconduclor Transmission lines, NeW York: John Wiley 
& Sons, 1994. 

[0065] A concept of a reference port q may be used With 
the concept of an impedance matrix to better characterize a 
multiple port system. When the reference port q is equal to 
Zero, the impedance matrix ZO may be the same as the matrix 
Z in Eq. [1] above. HoWever, if q is not Zero, then the 
impedance matrix Zq may be determined by up-circular 
shifting roWs in the impedance matrix ZO q times. 

[0066] For example, if the reference port is designated as 
0, the ?rst roW of ZO can be de?ned as a vector Zr(p)=(ZO0 

. . Zop . . . Z0014)? The elements of Zr(p) may be de?ned 
as the measurable self and mutual impedances between 0th 
and other elements in a VSA, Which are the self and mutual 
couplings betWeen the 0th and other elements observed from 
0th port. Furthermore, if the reference port is q, the ?rst roW 
in Zq becomes Zr(p—q) Which is derived from right-circular 
shift q times from Zr(p). 

[0067] The diagonal term set of 11) may be expressed as a 
vector 1pd(k) (1])0 . . . Ipk . . . 1])n_1)T, Where Ipk is a Weighting 

factor of kLh mode as indicated by Eq. Thus, 119(k) may 
be a mode distribution that is related only to the internal 
structure of VSA, Which can be de?ned as an intrinsic mode 
distribution (“IMD”) at the reference port q=0. Since Z, Z0, 
and Zq may each be a circulant matrix, at any reference port 
q the relationship betWeen IMD and Zr(p—q) can be 
expressed as 
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Eq. [3] describes a quantitative relation betWeen an intrinsic 
mode distribution and the mutual coupling of a VSA. It can 
be used to determine the degree of degeneracy of a VSA 
structure and/or to design a VSA for a given mode distri 
bution. 

[0068] The intrinsic mode distribution, or IMD, may be 
determined by the internal structure of a VSA. HoWever, the 
current distribution in either port space or mode space may 
further depend, at least in part, on external conditions such 
as, for example, a poWer distribution among the ports during 
transmitting operations, or an input impedance of a pream 
pli?er during receiving operations. To include such external 
factors into the mode analysis, a mode-current distribution 
of the kth mode, lm(k), may be de?ned as a forced mode 
distribution (“FMD”). Its relation With the port-current vec 
tor, l(p), can be expressed as lm(k)=Fl(p) [4] The FMD can 
be used to establish a relationship betWeen desired magnetic 
?eld maps, IMD, and transmit/receive signals. AVSA can be 
fully characterized by specifying both the IMD and the 
FMD. 

[0069] The n-port port-voltage vector observed at port q 
may be Written as V(p—q). The relationship betWeen V(p—q) 
and the intrinsic and forced mode distributions (the IMD and 
the FMD) can be derived from the n-port system nodal 
equation using Eqs. [3] and This relationship may be 
provided as: 

W — q) = 2mm [51 

Based on the extended impedance de?nition, the IMD at 
each different reference port q, 1Pq‘l(k), may be phased 
differently. This phase difference can suggest that, even if an 
n-element VSA is a coupled structure, the n-port signals 
observed at different ports may have distinguishable phases. 

[0070] Common modes may be expressed by using Eq. 
[5], the degree of degeneracy, and the previous description 
of cyclic symmetric structures. See, e.g., Roschmann P, 
“Analysis of Mode Spectra in Cylindrical N-Conductor 
Transmission Line Resonators With Expansion to LoW-, 
High- and Band-Pass Birdcage Structures,” Society of Mag 
netic Resonance 3rd Scienti?c Meeting, 1995, p. 1000; 
Leifer M C, “Resonant Modes of the Birdcage Coil,” Journal 
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of Magnetic Resonance 1997, 124:51-60; Joseph P M and 
Lu D, “A Technique for Double Resonant Operation of 
Birdcage Imaging Coils,” IEEE Trans. on Medical Imaging 
1989, 8:286-294. 

[0071] Modes that do not include any degeneracy may be 
referred to as basic modes. In IMD this one-degree degen 
eracy can be described as folloWs: Iflpk, k=0, 1, . . . , or n-1, 

is a non-Zero component in 1Pq‘l(k), it Will be the only 
non-Zero component in 1Pq‘l(k). For example, if the IMD can 
be Written as 1P%‘j(k)=(1pO, 0, . . . , 0)T, only the 0th mode is 
non-Zero. The 0 basic mode V(p—q) is a constant distribu 

tion, Which may be provided as 

This mode represents the interaction betWeen the conductor 
strips and a ground (or a shield). The 0th basic mode is a real 
mode that may be observed in the shielded volume coils, 
usually at the loWest resonance frequency. HoWever, this 
mode may not exist in the non-shielded volume coils. In this 
mode, the signal voltages can be uniformly distributed 
among all ports, and the couplings betWeen any tWo ports 
may be the same. 

[0072] If the IMD is provided as 

Where only the kth mode is non-Zero, then the kth basic mode 
may be expressed as a complex exponential distribution as: 

1 [7] 

wkmil) 

[0073] The n basic forced mode distributions can be 

generated by applying n poWer sources over n ports on a 

VSA during the transmit stage. HoWever, only one or tWo of 
the basic intrinsic mode distributions (depending on Whether 

n is even or odd) may be an observable mode on a cyclic 

symmetric volume coil such as, e.g., a VSA, a birdcage, or 

a TEM resonator. If a VSA has an odd number of elements, 

it may have only one observable basic IMD, viZ., the 0th 
mode shoWn in Eq. If n is an even number, both the 0th 

and the (n/2)Lh basic intrinsic mode distributions may be 
observable. The basic mode V(p—q) corresponding to k=n/2 
may be provided as 
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[0074] The V(p—q) values of the 0th mode shoWn in Eq. [6] 
can have the same magnitudes and phases on all ports. The 
V(p—q) values for the (n/2)Lh mode also may have the same 
magnitudes. HoWever, the phases may alternated by B at 
adjacent ports. Coupling betWeen the strips and the shield 
can be a characteristic of the 0th basic mode of a VSA. A 
characteristic of the (n/2)Lh basic mode can be the coupling 
betWeen the nearest neighbor strips When the total number of 
strips is an even number. 

[0075] The intrinsic mode distributions of a VSA may 
include the tWo basic modes shoWn in Eqs. [6] and [8] as 
provided above. In addition, the cyclic symmetry may cause 
a degeneracy betWeen a kLh mode and an (n-k)Lh mode, 
Which can result in a “circular mode.” Circular modes can 
refer to modes that have tWo degrees of degeneracy betWeen 
the kth mode and the (n-k)Lh basic modes associated With a 
cyclic symmetric structure. For example, the second loWest 
resonance frequency in a VSA can be a circular mode Which 
is degenerate With respect to basic modes 1 and n—1. The 
corresponding IMD at each different reference port q, 
1Pq‘l(k), may be provided as 

If most or all of the conductive strips in a VSA are equally 
spaced, then all of the output impedances of poWer may be 
such that 1])1 may be equal to 1])n_l in IMD 

[0076] The FMD may have various values during the 
transmit stage. HoWever, if the input impedances of all 
preampli?ers are the same, then I1m=In_1m during the 
receive stage. Therefore, based on Eq. [5], the 0th basic mode 
during the receive stage, V(p—q), may be provided as: 

1 1 [9] 

2” wmel) 

wmel) Who/001%) 

Which includes one period of a sinusoidal distribution hav 
ing a 2J'cq/n phase shift for the qth reference port. This is the 
same distribution as that for the homogeneous mode of a 
birdcage or a TEM resonator. 
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[0077] Any kLh circular mode (l<k<n/2—l if n is an even 
number, or l<k<(n—l)/2 if n is an odd number) can be a 
degeneration of the kth and (n-k)Lh basic modes. Based on 
Eq. [5], the 0th basic mode during the receive stage, V(p—q), 
may be provided as: 

1 1 [10] 

wmik) 

wkmil) wmik )(ni 1) 

Here, V(p—q) can have k periods of a sinusoidal distribution 
With a Zrckq/n phase shift for the qth reference port. Also, 
lpk=lpn_k and Ikm=In_kIn for the same reasons stated in the 
?rst circular mode case described above. 

[0078] If the magnetic ?eld intensity is relatively loW 
(about 1.5T or less), Eqs. [6], [8] and [10] above may be 
used to describe the signal voltage distributions on the ports 
of a VSA for both basic modes and circular modes. The 11 
basic modes in the VSA may be degenerated into (n/2+l) 
modes if n is even number, or (n+l)/2 if n is odd number. A 
birdcage and a TEM resonator can have similar mode 
structures (although a birdcage does not have a 0th mode 
because it has no shield). 

[0079] If all of the 11 basic modes of a VSA are degenerated 
into a single mode, this phenomenon may be referred to as 
total degeneracy, or 11 degree degeneracy. The single mode 
can be referred to as a decoupled mode, and it may be the 
same mode as that of a phased array of a conventional MRI. 
The IMD of a totally degenerate con?guration may be a 
constant distribution, i.e., wO=1p1= . . . =1pn_1. The FMD can 

have various forms during the transmit stage. For the receive 
function, if the input impedances of the preampli?ers are 
equal, the FMD may also be a constant distribution, so that 
IOm=Ilm= . . . =In_lm. Thus, the 0th basic mode during the 
receive stage, V(p—q), may be provided as: 

1 [ll] 

In the present exemplary case, 6(p-q) is the delta function, 
Which is equal to unity When p=q, and is equal to Zero When 
p#q. Equation [11] suggests that any reference port may be 
completely isolated from the other ports. 

[0080] In contrast to quadrature volume coils, the modes 
and/or mode distributions for the transmitting and receive 
stages in a VSA can be quite different. For the transmit stage, 
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a variety of modes may be generated by manipulating 
external poWer sources, and the transmitting ef?ciency can 
be determined largely by the IMD. HoWever, for the receive 
stage, the modes may be determined primarily by the IMD. 

[0081] During the transmit stage, signal generators can 
serve as external poWer sources, and the transmitting design 
equation may be provided as: 

Here, the voltage vector of an external poWer sources is 
denoted by Vg(p) in port-space, and Vgm(k)=FVg(p) in 
mode-space, and Zg is a diagonal matrix Whose diagonal 
terms are the impedances of the external poWer sources. 
These impedances may have a value of approximately 509. 

[0082] During the receive stage, the signal generators can 
provide the currents induced in the conductive strips of the 
VSA. The design equation for the receive stage may be 
Written as: 

[0083] Here, Z’ is a diagonal matrix and the diagonal 
terms are the transformed input impedances of the pream 
pli?ers at the ports of the VSA. 

[0084] The design equations can be expressed in either 
port-space or mode-space. The equations may have a sim 
pler form in mode-space, as described in Eqs. [12] and [13] 
above, because (11) +Zg)_l and 1p+ZP can be diagonal matrices 
that can alloW decoupling of the relationship betWeen volt 
ages and currents. The form of Eqs. [12] and [13] suggests 
that for the transmit stage, the external poWer sources Vg(p) 
and/or Vgm(k) can affect or govern the FMD, Whereas the 
IMD may only affect the poWer ef?ciency and magnetic ?eld 
pattern. For the receive stage, the mode distribution may be 
primarily determined by the IMD. Which can result from the 
mutual coupling in the VSA. 

[0085] The IMD of a VSA in a decoupled mode may be a 
constant distribution. Application of Eq. [12] suggests that 
the corresponding FMD may have the same distribution as 
the mode-voltage Vgm(k), Which is a digital Fourier trans 
form (DFT) of Vg(p). Thus, the modes of excitation can be 
determined by the arrangement of external poWer sources. 
Three examples of this are shoWn in FIG. 2. 

[0086] The ?rst example corresponds to all components of 
Vg(p) having the same amplitude and Zero phase, such that 
the corresponding FMD may be the 0th basic mode. As 
described above, the magnetic ?eld in this mode can be 
concentrated betWeen the conductive strips and the shield, 
Which can lead to a poor transmission ef?ciency. FIGS. 2(a), 
2(b) and 2(0) shoW a normaliZed Vg(p), an FMD, and a 
transmission magnetic ?eld, respectively, corresponding to 
this 0th basic mode. 

[0087] In the second example, Vg(p) has one period of a 
sinusoidal distribution in amplitude and Zero phase differ 
ences. The corresponding FMD is the ?rst circular mode. 
The Vg(p), FMD, and transmission magnetic ?eld for this 
example are shoWn in FIGS. 2(d), 2(e) and 2(f), respectively. 
This example is one of the natural modes of a VSA Which 
may be generated by one or tWo port excitations if the VSA 
is turned to its ?rst circular mode. HoWever, in a decoupled 
VSA it may require an array of poWer sources having a 
sinusoidal amplitude distribution. Therefore, a decoupled 
VSA may not be an optimal choice for generating a homo 
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geneous excitation. However, an arbitrary mixed mode 
excitation may be achieved easily With a decoupled VSA. 
For a speci?ed FMD, the corresponding mode-voltage vec 
tor Vgm(k) may be proportional to the FMD. The relative 
amplitudes and phases of the poWer source array can be 
obtained as the digital Fourier transform of the Vgm(k) 
vector. 

[0088] As a third example, if the desired FMD is the 
degenerate of ?rst and 2nd circular modes as shoWn in FIG. 
2(h), then the poWer sources Vg(p) should be set to those 
shoWn in FIG. 2(g), and the corresponding transmission 
magnetic ?eld is shoWn in FIG. 2(1'). 

[0089] A coupled n-element circular symmetric VSA may 
have tWo basic modes and n/2-l circular modes. Although 
any one of these coupled modes can be tuned to an MRI 
resonance frequency, the VSA may only have ef?cient 
magnetic ?eld penetration When it is in the ?rst circular 
mode, as described beloW. 

[0090] Unlike the decoupled mode described above, the 
IMD of a coupled VSA in a ?rst circular mode may not be 
a constant distribution. The inverse of the extended IMD 
1p+Z in Eq. [12] during the transmit stage may be provided 
as: 

(811+28)’l = [14] 

1/28 0 0 0 0 

0 1/(1/1+28) 0 0 0 

0 0 1/28 0 0 

0 0 0 1/28 0 

0 0 0 0 1/(¢,H+28) 

[0091] For a coupled VSA, the effect of the IMD on the 
FMD, if any, can depend on What types of modes may be 
desired. For example, all of the basic modes and all of the 
circular modes may be achieved by appropriately arranging 
the poWer sources. For example, if the poWer sources each 
have a constant distribution Vg(p)=(VOg,VOg, . . . ,Vog), a 

complex exponential distribution Vg(p)=(VOg,VOgel(2“/n)(n_ 
1), . . . ,VOgej(2“/n)(n_n)), or a sinusoidal distribution Vg(p)= 

(VOg,VOg cos(2J1:/n), . . . ,VOg cos(2J'c(n—l)/n), then the mode 

voltages become a 0th basic mode Vm(k)=(VOm,0, . . . ,0)T, 

a ?rst basic mode Vm(k)=(0,Vlm,0, . . . ,0)T, or a ?rst circular 

mode Vm(k)=(0,Vlm,0, . . . ,0,Vn_1m)T, respectively. The 
respective FMDs can be expressed as: 

or 
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Here, Vlm=Vn_ 1m and 1p1=1pn_1, and the source impedance 
Zg is 509. 

[0092] When the poWer sources each have the same ampli 
tude and zero phase, the FMD may become a 0th basic 
mode, even if the VSA is tuned to a ?rst circular mode. 
HoWever, the transmitting energy can be con?ned betWeen 
the conductive strips and the shield, Which can lead to very 
poor poWer delivery ef?ciency. For more ef?cient transmis 
sion, poWer sources may either each have a constant ampli 
tude and linearly increasing phases in one period (in a ?rst 
basic mode), or have one period of sinusoidally distributed 
amplitudes and zero phases (in a ?rst circular mode). 

[0093] In more complex con?gurations, a speci?c FMD 
lm(k) can be obtained using a poWer source array by 
applying the inversion of Eq. [12]. Any mode combination 
or degeneration in an FMD may be generated independently 
of Which IMD the VSA is tuned to in the transmit stage. 
HoWever, the IMD may have an important effect on the ?eld 
pattern and transmitting poWer ef?ciency. 

[0094] The poWer deposition at one port (q=0) of a VSA 
(Which may not be the same as the poWer deposition in 
samples) can be expressed in either port space or mode space 
as: 

It may not be clear Whether a decoupled VSA or a coupled 
VSA is more poWer ef?cient. In certain modes, a decoupled 
VSA may be more efficient, Whereas in other modes, a 
coupled VSA may be more ef?cient. 

[0095] For example, When a decoupled VSA is used to 
generate a ?rst basic mode, from reference port q=0, Zr(p)= 
(ZOO, 0, . . . , 0)T and its IMD 1])d=(ZOO, ZOO, . . . , ZOO)T. The 
port impedance has to match the poWer ampli?er output 
impedance, such that ZOO=Zg. Thus, from Eq. [16], the 
poWer deposition can be expressed as: 

P1ldecoup1ed=(V1m)2/(2Zo0)- [17] 
[0096] If the coupled VSA, tuned to its ?rst circular mode, 
is used to generate a ?rst basic mode, then from reference 
port q=0 it may folloW that Zr(p)=(ZOO, . . . , Z0O cos(2J'cp/n), 

. . . , Z0O cos(2rc(n—l)/n))T, and the corresponding IMD may 

be expressed as 1])d=(0, (n/2)ZOO, 0, . . . , 0, (n/2)ZOO)T. 
Applying Eq. [16], the poWer required by the coupled VSA 
can be provided as: 

Comparing Eqs. [17] and [18], the poWer delivered to the 
coupled VSA can be related to the poWer delivered to a 
decoupled VSA by a factor of 2/(n/2+l). For example, the 
poWer needed for a decoupled four-element VSA can be 2/3 
of the poWer needed for a coupled four-element VSA. This 
poWer ratio becomes 2/ 9 for a l6-element VSA. The differ 
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ence in power e?iciency for a four-element VSA may not be 
signi?cant, but it becomes more signi?cant When the num 
ber of elements increases. 

[0097] A coupled VSA tuned to the ?rst circular mode may 
have a loWer poWer e?iciency When generating the ?rst and 
(n-l)Lh basic modes. However, it may be more e?icient 
When generating other basic modes, such as the 0th and 2nd, 
etc. For these modes, the poWer requirements for the 
coupled VSA may be expressed as 

Which can be tWice as e?icient as a corresponding decoupled 
VSA. However, the poWer deposition described above refers 
only to the poWer deposition on a coil system, and it is likely 
not related to the ?ip angle. 

[0098] In contrast to the transmit stage, the IMD may have 
a signi?cant effect on the mode distribution, the signal 
combination, and noise correlation in the receive stage. An 
analytic relation betWeen the IMD and coupling among the 
elements of the VSA is expressed in Eq. Based on this 
relationship, the coupling may be adjusted appropriately to 
achieve a desired IMD. The mutual coupling can be 
adjusted, for example, by inserting capacitors betWeen ele 
ments, and/or by varying re?ection ratios at either a single 
end or at both ends of a conductive strip element. The 
description beloW describes the latter option. 

[0099] To quantitatively describe the relationship betWeen 
the IMD and a re?ection at the end of a conductive strip, a 
mismatch ratio in port-space may be de?ned as 

The ratio y may have either a positive value or a negative 
value. The relationship betWeen the ?eld pattern and the 
mismatch ratio suggests certain novel modes that may be 
useful, and it also provides the conditions usable for a 
decoupled mode, an under-decoupled mode, and an over 
decoupled mode. The under-decoupled mode and over 
decoupled mode are described in more detail beloW, together 
With their roles in parallel imaging. 

[0100] A single-end mismatch may refer to a con?guration 
Where only one end of each conductive strip is mismatched 
by having a different termination impedance. If each port is 
matched to Zoo in either a coupled VSA or a decoupled VSA, 
but the impedance transformed to the ports by a transmission 
line from a loW input impedance of the preampli?ers is not 
equal to ZOO, then the VSA may be a single-end mismatched 
VSA. A single-end strong mismatch in a Weakly coupled 
array may result in further decoupling of the array. Alter 
natively, such mismatch in a strongly coupled VSA that is 
tuned to its ?rst circular mode can lead to three different 
results: a decoupled mode, an under-decoupled mode, or an 
over-decoupled mode. 

[0101] An n-element VSA may be tuned to its ?rst circular 
mode, With each port being matched to ZOO. For this con 
?guration, Zr(p)=(ZOO, . . . , Z0O cos(2Bp/n), . . . , Z0O 

COS(2J'|§(I1—l)/I1))T and the IMD may be expressed as 1])d(l()= 
(0, (n/2)ZOO, 0, . . . , 0, (n/2)ZOO)T, Where 1pl=1pn—l=(n/2)ZOO. 
Based on the extended IMD diag{1p+Zp} and Eq. [20], a 
mode-space mismatch ratio may be de?ned as the ratio of 
F=diag{1p+Zp}/ZP. The ?rst or (n-l)Lh mode-space mis 
match ratio may be provided as: 
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Fl:¢1+Zp:1+("/2)7Zp:l+Q [21] 
Z’ Z’ 2 

[0102] In this exemplary case, y again may have a positive 
or a negative value. If Fl=l, the VSA may be in a decoupled 
mode. (Although Fl cannot be equal to l in this case, it can 
approach that value When n and y are both small.) When 
F>0, the VSA may be in an over-decoupled mode. In this 
exemplary con?guration, the B1 ?eld sensitivity of each 
conductive strip may be similar to that of the decoupled 
mode, and a high sensitivity region may be present near the 
conductive strip. When F<l, the VSA may be in an under 
decoupled mode, and there can be a dark hole in the 
corresponding sensitivity map. If F<0 in an under-decoupled 
mode, the dark hole may be near the conductive strip. This 
result may be vieWed as a difference betWeen a homoge 
neous mode (the ?rst circular mode) and a decoupled mode 
(the phased array mode). These sub-category modes, 
referred to herein as reverse-decoupled modes, can be 
important for parallel imaging. 

[0103] FIG. 3 shoWs simulation results for an exemplary 
VSA having 16 elements (n=l6). The cylindrical surface 
Where the conductive strips are located has a radius of 12.6 
cm, the cylindrical shield has a radius of 15.2 cm, and the 
length of the conductive strips is 30 cm. FIGS. 3(a)-(c) shoW 
results for an exemplary over-decoupled mode With F=4. 
FIG. 3(a) shoWs the normalized ?rst roW of Z+ZP. FIG. 3(b) 
shoWs the exemplary extended IMD, and the exemplary 
amplitude of the corresponding B1 ?eld map is shoWn in 
FIG. 3(0). Simulation results for an exemplary decoupled 
mode (With F=l) are shoWn in FIGS. 3(d)-(f). Simulation 
results for an exemplary under-decoupled mode With F=0.5 
are presented in FIGS. 3(g)-(i). Simulation results for an 
exemplary reverse-decoupled mode (Which can be a type of 
under-decoupled mode) With F=—3 are illustrated in FIGS. 
3(i)-(l) 
[0104] The utiliZed equations suggest that a single-end 
mismatched VSA cannot achieve a decoupled mode, but a 
double-end mismatched VSA may do so. A double-end 
mismatch can be understood to refer to a con?guration 
Where each element of the VSA is terminated With ZP at the 
port connected to a receiver, and is also terminated With ZL 
on the other end of each conductive strip, Where neither ZP 
nor ZL is equal to ZOO. 

[0105] The impedance matrix of a VSA that is converted 
from a single-end mismatch to a double-end mismatch may 
change from an n><n matrix Z to a 2n><2n matrix Z, Where 

In the present exemplary case, Z can be vieWed as a 
re?ection impedance matrix that may be the same as the 
impedance matrix of a single-end terminated VSA, and Z' 
can represent a transmission impedance matrix. Both Z and 
Z' may be circulant matrices, Which may be diagonaliZed to 
1p and 11)‘, respectively, by a digital Fourier transformation 










